Abstract: We propose a new method to improve the accuracy of an optical vector network analyzer (OVNA) based on stimulated Brillouin scattering (SBS) in a dispersionshifted fiber (DSF). Generally, the measurement error of the OVNA mainly derives from the beat signals between adjacent optical sidebands. In this paper, the measurement error is significantly suppressed using a two-step measurement process. For the first measurement, both the transmission response of an optical device-under-test (ODUT) and the measurement error are recorded. For the second measurement, only the measurement error is obtained by suppressing the optical carrier using SBS in the DSF. The accurate transmission response of the ODUT is subsequently extracted by subtracting the error from the first measurement. The proposed method is theoretically investigated and experimentally demonstrated. The experimental results show that the accuracy of the OVNA is significantly improved.
Introduction
Spectral characterization of the magnitude and phase responses of an optical component or an optical link is significant in the field of the fabrication of optical devices and optical system design. It is highly desirable that an optical vector network analysis (OVNA) with high resolution and high accuracy could be used to simultaneously measure the magnitude and phase response of that [1] - [4] . Traditionally, the most widely employed techniques are the modulation phase shift (MPS) method and the interferometry method to characterize optical components. In above methods, a wavelength-swept laser sources is usually required [5] , [6] . However, the wavelength tuning resolution of state-of-the-art laser sources are usually more than 1 pm. The measurement resolution, which is intrinsically constrained by the laser sources, is not enough to measure the transmission response of some high-Q optical devices. In addition, the poor wavelength stability of the laser source will deteriorate the measurement accuracy [7] .
Recently, the OVNA based on optical single sideband (OSSB) modulation has attracted great attentions because of its high measurement accuracy and resolution [8] - [16] . The OSSB modulation as a promising technique has been extensively investigated to overcome the power fading induced by fiber dispersion in long-distance radio-over-fiber (ROF) system and achieve high accuracy and resolution spectral characterization in OVNA. Many approaches have been reported to generate OSSB modulated signals [9] . The OSSB modulation can be achieved by removing either sidebands of an optical double-sideband (DSB) modulated signal using an optical bandpass filter (OBPF) or a fiber grating, using a dual-drive Mach-Zehnder modulator (DMZM) incorporating a 90-degree or 120-degree hybrid electrical coupler [10] . The transmission response of an optical device-under-test (ODUT) is measured by sweeping the frequency of a microwave signal to realize one-to-one mapping between the optical domain and electrical domain. Since the microwave frequency can be tuned with an extremely high resolution, the OVNA using OSSB modulation scheme can achieve a highly spectral resolution $kHz level in experiment [11] . Up to now, the implementation of OSSB-based OVNA has been reported [12] . In the OSSB-based OVNA, the optical carrier and the first-order optical sideband should go through the ODUT simultaneously to undergo the magnitude and phase change. OVNAs based on the combination of a phase modulator (PM) with an OBPF [10] and a joint use of a PM with optical frequency comb (OFC) [13] have been proposed. The measurement errors mainly derive from the beat signal between adjacent two optical sidebands. We proposed an excellent approach to improve the measurement errors, which is based on a joint use of the dual-parallel MZM (DPMZM) with an OBPF [14] . However, due to the fact that the splitting ratio between the two arms of the DPMZM is not completely identical, the measurement errors cannot be completely removed. Moreover, the biases drift is inevitable and three biases have to be simultaneously controlled. Xue et al. reported an approach to reduce the measurement error of the OVNA by modifying the transmission response of an OBPF which is used to realize OSSB modulation [15] . However, it is worth noting that new errors are introduced to the OVNA when the transmission response of the OBPF is changed. When the OBPF is manually adjusted, the corresponding magnitude and phase response will be changed since the magnitude and phase response is not constant in the transition bandwidth of the OBPF. An extra phase or magnitude will impose on the residual modulation sidebands to generate new errors, which is inevitable in the proposal. Wang et al. proposed another powerful method based on an unbalanced DSB modulation scheme to suppress the measurement error. However, the influence of the beating between the adjacent high order sidebands could not be subtracted in this way [16] .
In this paper, we report a new method to effectively suppress the measurement errors using a Brillouin-assisted optical carrier processor. A PM driven by a microwave signal generates OSSB modulation which could be used to measure the transmission response of an ODUT when the Stokes wave of SBS is switched off. Unfortunately, high accuracy is hard to achieve since the optical power from the high order sidebands will contribute significantly to the measurement error. This problem could be solved by a second measurement when the optical carrier is suppressed with the Brillouin-assisted optical carrier processor. Through this measurement, the measurement errors are obtained. The OBPF is used to achieve OSSB modulation. As a result, a high accuracy transmission response is obtained through vectorial subtracting the measurement errors obtained by the second measurement from the first measurement. The proposed scheme is theoretically analyzed and experimentally verified. An obvious improvement in measurement accuracy is experimentally demonstrated.
Principle
The schematic diagram of the proposed OSSB-based OVNA is shown in Fig. 1 (a) and (b), which mainly consists of a frequency shifter (F-S) to provide an optical signal severing as the Stokes wave of SBS and a dispersion shift fiber (DSF) using to occur the process of SBS. A linearly polarized optical carrier from a continuous wave laser diode (LD) is sent to an optical coupler with a splitting ratio of 1 : 1 dividing into two branches. The optical signal in the upper branch is sent into a PM modulated by a frequency-swept electrical tone generated by an electrical vector network analyzer (EVNA) to realize optical DSB modulation. The optical DSB modulation optical signal is then injected into a DSF through an optical isolator (ISO). In the lower branch, the optical carrier is firstly launched into an F-S to achieve frequency shift. The frequency shifted optical signal acts as a Stokes wave of SBS. After that, the frequency shifted optical signal is boosted by an erbium-doped fiber amplifier (EDFA) connected after the F-S before going through the DSF via the OC reaching the opposite port of the DSF. The process of SBS occurs in the DSF between two counter-propagating optical waves. At the first measurement, the Stokes wave of SBS is turned off. The optical OSSB modulation is obtained by removing one of sidebands of the optical carrier using an OBPF while the optical carrier and the other sideband are not affected. Meanwhile, the OBPF is used to completely remove the undesirable Stokes wave of SBS which is generated from the back-coupling of that. The OSSB modulated optical signal is injected into the ODUT. In the ODUT, the magnitude and phase of the OSSB signal is changed. A photodetector (PD) is connected after the ODUT to convert the optical signal into the electrical signal by one-to-one mapping from the optical domain to the electrical domain. The magnitude and phase response of the ODUT could be captured by the EVNA. The key advantage of this approach is that very excellent measurement accuracy is obtained based on the process of SBS, which is a narrow-bandwidth spectral resonance with a bandwidth of the order of a few tens of MHz [12] . In addition, the measurement error induced by undesirable positive-order sidebands could be completely removed. Since the backscattered Stokes wave could be perfectly suppressed by the OBPF, the transmission response with improved accuracy is also obtained at the SBS frequency. The upper limit of the available operation frequency range of the proposed OVNA is limited by the bandwidth of the PD, PM, and EVNA, while the lower limit of that is only restricted by the transit bandwidth of the OBPF.
The electrical field at the output of the PM is expressed as
where ! 0 and ! RF are the angular frequency of the optical carrier and the microwave signal, respectively. is the phase modulation index of the PM, which can be expressed as ¼ V RF =V and V is the half-wave voltage of the PM. V RF is the amplitude of the microwave signal applied to the PM. Based on the Jacobi-Anger expansion and considering the OSSB modulation realized by the OBPF, the optical signal in (1) can be rewritten as follows:
where J n ðÁÞ is the Bessel function of the first kind of order n. As can be seen from (2), all negative-order optical sidebands are removed. Applying the Fourier transform to the (2), we can get the following:
The OSSB modulated signal is then fed into the ODUT. In the ODUT, according to the transmission response of the ODUT, the magnitude and phase are changed. Assuming the transmission response of the ODUT is given by Hð!Þ, we can get the optical field at the output of the ODUT as follows:
After the square-law detection in the PD and employing the reverse Fourier transform to (4), we obtain the photocurrent at the RF frequency as follows:
It is obviously observed from (5) that the measurement error is mainly generated by the beating between the adjacent high order sidebands, that is, n > 0. Therefore, in order to achieve high accuracy OVNA, the measurement error induced by the high order sideband should be suppressed. To do so, the SBS effect is used to remove the optical carrier acting as a pump wave and suffering attenuation to get the pure measurement error. The electrical field of the Stokes wave at the output of the F-S can be expressed as follows:
where ! SBS is the Brillouin frequency shift which is determined by the length of the DSF. Due to the attenuation effect of the SBS, the optical carrier could be effectively removed unchanging other sidebands. In this way, we can obtain a new photocurrent as follows:
where L is the loss coefficient of the SBS process. By subtracting the wrong photocurrent in (7) from that in (5), we can get the pure photocurrent without the measurement error as follows:
In order to obtain the transmission response of the ODUT, a calibration operation has to be made when the ODUT is removed. In this case, we can get a new frequency response of the system which is represented as H Cal ð! 0 þ ! RF Þ. It is worth noting that the two measurements should be made without ODUT to get the system response. Thus, we can get the frequency response of the ODUT without the measurement error as follows:
As can be observed from (9), the high accuracy frequency response of the ODUT could be obtained. In a word, in order to get transmission response of the ODUT, we need to measure four transmission responses before and after the ODUT is removed and before and after the optical carrier is suppressed. Among the optical carrier is suppressed by the attenuation effect from the SBS loss.
In the DSF, the Stokes wave of SBS propagates along the counterclockwise direction and is attenuated by the ISO after going through the DSF. In the SBS process, the power transfers from the optical carrier to the Stokes wave and consequently being attenuated near the Brillouin frequency shift. Another important thing note is that a stronger power of the Stokes wave will induce a more powerful attenuation imposing to the optical carrier. Moreover, the state-of-polarization (SOP) relation between the Stokes wave and the optical carrier will affect the SBS effect [17] .
Experiments and Results
We carried out experiments based on the setup shown in Fig. 2 . A linearly polarization optical carrier with a power of 13 dBm emitted at 1552.7 nm from a continuous source was fibercoupled into an optical coupler dividing into two branches by splitting ratio of 1 : 1. In the upper branch, the optical carrier was firstly sent into a phase modulator with a 3-dB bandwidth of 40 GHz and a half-wave voltage of 3V. The optical carrier was modulated by a swept-frequency microwave signal with power of À5 dBm emitted by an EVNA working at the swept-frequency mode. The bandwidth of the EVNA is 40 GHz. The microwave signal was firstly amplified by an EA1 with a bandwidth from 30 kHz to 38 GHz and a gain of 26 dB, and a saturated output power of 22 dBm and then was injected into the RF port of the PM. The modulated optical signal propagated along the clockwise direction before sending into a DSF via an ISO. The length of the DSF is 1 km. The Brillouin frequency shift of the DSF is 9.205 GHz.
In the lower branch, the optical carrier was firstly fiber-coupled into an equivalent-MachZehnder-modulator (E-MZM). A joint use of a polarization modulator (PolM), a PC1, and a polarizer (Pol) are equivalent to a MZM [18] . The bias of the equivalent MZM depends on the angle of the PC1. The environmental perturbations will slightly change the bias. In our scheme, the frequency shifted optical carrier in the lower branch acts as the Stokes wave to attenuate the optical carrier in the upper branch. When the bias point is changed, the power of the Stokes wave will be corresponding altered leading to change the power of the optical carrier in the upper branch. If the power of the optical carrier is changed apart from the ODUT, an additional measurement error might be added. However, at room temperature in a laboratory environment, the variation of the power is negligible when the system operates for more than 30 min. To this problem, a solution is to integrate the system using an emerging monolithically photonic integrated circuit. Additionally, the subsystem could also be individually sealed in a closed container to effectively isolate air flow and acoustic vibrations. The purpose of the E-MZM incorporating an OBPF1 is to achieve frequency shift of the optical carrier. Of course, the joint use of a DPMZM and a 90 hybrid coupler could also realize frequency shift of the optical carrier [19] . In our experiment, the E-MZM is biased at the minimum-transmission-point (MITP) by tuning the PC1 [18] . The PolM has a 3-dB bandwidth of 40 GHz and a half-wave voltage of 3.5 V. A microwave signal with a power of À3 dBm and a frequency at 9.205 GHz was firstly boosted by an EA1 and then injected into the RF port of the PolM. The performance of the EA1 is similar to that of the EA2. By properly manual tuning the PC1, a carrier-suppressed optical DSB modulation was realized at the output of the Pol. The output signal of the E-MZM was firstly amplified by an EDFA1 to compensate the insertion loss of the E-MZM. The output power of the EDFA1 was fixed at a power of 22 dBm. The OBPF1 was connected after the EDFA1 to select out the first order sideband and suppress the spontaneous emission noise. The OBPF1 allows both wavelength and bandwidth adjusting. The OBPF1 is of a flat-top response with a sharp roll-off of 150 dB/nm. In our experiment, the bandwidth of the OBPF1 was as small as possible to select out the first order sideband and suppress other sidebands. The selected optical signal acting as a Stokes wave was firstly boosted by another EDFA2 to reach the SBS threshold and routed into the DSF via an OC along the counter-clockwise direction. When the Stokes wave was turned on, a process of SBS occurred in the DSF between two counter-propagating optical waves. The optical signal propagating along clockwise act as the pump of SBS which is attenuated and the Stokes signal propagated along counter-clockwise. As a result, the optical carrier was attenuated by the Stokes wave reaching to 28 dB. When the Stokes wave was turned off, a process of SBS did not occur.
The optical signal at the output of the DSF was circulated into the tunable OBPF2 to obtain the OSSB modulation. The center wavelength of the OBPF2 should be firstly tuned to locate the wavelength of optical carrier inside the passband of that. It is worth noting that the transmission response is got by beating between the optical carrier and the first-order sideband. Thus, the optical carrier should be located inside the passband of the ODUT and the OBPF2. The OBPF2 is of an ultra-sharp roll off of 800 dB/nm, a bandwidth from 32 pm to 650 pm. The filtered optical signal was sent into the ODUT to undergo the magnitude and phase change. A PD with a 3-dB bandwidth of 40 GHz and a conversion gain of 110 V/W was used to achieve optic-electro conversions. The output of the PD was connected with the input port of the EVNA.
The optical spectra at the output of the EDFA2 and the output of the OBPF2 were measure by an optical spectrum analyzer (OSA) with a wavelength resolution of 0.01 nm and a span of 1.5 nm, respectively. Fig. 3(a) shows the selected Stokes wave depicting with red lines. The blue line denotes the filter response of OBPF1 and the black line and the red line represent before and after filtering, respectively. As can be seen, the suppression ratio of the Stokes wave is as large as 34 dB and the power of that is À6.5 dBm reaching the SBS threshold [17] . Fig. 3(b) shows the spectra of the OSSB modulated signal at the output of the OBPF2 when the frequency of the driven microwave signal was 10 GHz. The OBPF2 had a 3-dB bandwidth of 650 pm and a central wavelength at 1552.610 nm. It is clearly observed that the optical carrier was attenuated as high as 28 dB.
Then, an OVNA based on the OSSB modulation was built and was used to measure the magnitude and phase response of the ODUT, which was inserted between the OBPF2 and the PD.
In the first step, we first measured the magnitude and phase response of ODUT shown in Fig. 4 (a1) and (a2) when the ODUT was retained. It is worth noting that the system was not calibrated and the Stokes wave was turned off. As can be seen from the Fig. 4(a1) , a bandpass response was obtained by scanning the frequency of the microwave signal, where 1601 effective points over a span of 6 GHz were obtained corresponding to a resolution of 3.8 MHz. In the second step, the ODUT is removed and the output of the OBPF2 was directly connected to the input of the PD, the magnitude and phase response of the system was extracted by the EVNA shown in Fig. 4 (b1) and (b2).
As described in Section 2, the high order sidebands will mutually beat to generate the microwave signal which is the root cause of the measurement error. To study the measurement error induced by the high order sidebands, the third experiment and the fourth experiment were carried out. In the third step, the optical carrier was firstly attenuated by the counter-clockwise propagated Stokes wave. That is, the Stokes wave from the lower branch was turned on. The magnitude and phase response shown in Fig. 5(a1) and (a2) were obtained through extracted from the generated microwave signal. After that, in the fourth step, in a similar way, the ODUT was removed and the magnitude and phase response of the system were measured shown in Fig. 5(b1) and (b2) .
In order to embody the advantage of the proposed OSSB-based OVNA, the performance of a PM-based OVNA at the small phase modulation index condition was compared with that of the proposed OSSB-based OVNA. In this case, the electrical power of the swept microwave signal was À24 dBm. The frequency response of the ODUT was measured by the PM-based OVNA shown in Fig. 6(a) and (b) in red lines. In order to obtain the transmission response of the ODUT with high accuracy, a calibration process has to be done to remove the frequency response of the OVNA system without the ODUT. The transmission response of the ODUT was finally calculated in a personal computer. As a result, a high accuracy OVNA was realized based on the proposed scheme. Fig. 6(a) and (b) exhibited the calculated magnitude and phase response based on the proposed method in black lines. It is clearly observed from the Fig. 6(a) and (b), the calculated results agree very well with the measured ones. Fig. 7 (a) and (b) shows the calculated and measured magnitude and phase response before and after subtracting measurement error in blue lines and red lines, respectively. The difference between them is attributed to the measurement error induced by beating between the undesirably adjacent sidebands. In addition, a root-mean-square error (RMSE) is introduced to quantitatively embody the suppression of the measurement error. The RMSE between magnitude responses of the SSB phase modulation at small signal condition and that at large signal condition after and before subtracting the measurement error is about 0.9489 and 2.8118, respectively. It is clearly observed that the measurement errors are effectively suppressed. In addition, since the proposed scheme is assisted by the maturely electronic technology, the measurement resolution is as high as kHz-level or even Hz-level and the corresponding measurement accuracy is higher than that of the commercially available products.
Conclusion
We have proposed and verified a high accuracy OSSB-based OVNA. The measurement error induced by high order sidebands which contribute most to that in the OSSB modulation deployed is effectively improved when the modulation index is very large. In the method, a high accuracy transmission response is obtained requiring four steps. In the first step, the OSSB signals go through the ODUT when the Stokes wave in the lower branch is switched off. In the second step, the transmission response of the system is measured when the ODUT is removed. In the third step, when the Stokes wave is switched on to attenuate the optical carrier, the measurement error generated by beating between the two adjacent high order sidebands is obtained. In the fourth step, the transmission of the system without the optical carrier and the ODUT is measured. The proposed OVNA is extremely suitable to measure the transmission response of high-Q optical components. The transmission response of an optical bandpass filter acting as the ODUT is successfully measured over a frequency range of 6 GHz with a resolution of 38 MHz. The proposed method is of excellent measurement accuracy and improved dynamic range when compared with the measurement result without subtracting the measurement error.
